Loss of membrane potential (membrane as much as 50 mV due to activation of a Cl Ϫ conductance that is distinct from the Cl Ϫ channels regulated by cyto- since a second application of LPA has no effect ( Figure 
underlying G protein pathway and the establishment of cause-effect relationships have
mediated RhoA activation with subsequent growth cone collapse and neurite retraction in response to only a subset remained elusive to date. Here we report that, in neuronal cells, the depolarizing chloride current of GPCR agonists, notably lysophosphatidic acid (LPA), thrombin, and sphingosine-1-phosphate (S1P) [7] [8] [9] . Aninvariably accompanies GPCR-induced activation of RhoA and subsequent neurite retraction, and other advantage of these cells is their ability to generate repetitive action potentials.
neither of these events requires phosphoinositide hydrolysis or Ca 2؉ mobilization. Through antibody microinjections and a genetic approach, we GPCR agonists that induce growth cone collapse and neudemonstrate that activation of the chloride rite retraction consistently evoke acute membrane depoconductance is mediated by G␣ 13 in a RhoAlarization in N1E-115 and NG108-15 cells, as shown for independent manner in both neuronal cells and LPA in Figure 1a . The response develops with a rise time fibroblasts. We further show that, in neuronal cells, of 20-40 s from a resting value of approximately Ϫ65 mV this newly described G␣ 13 pathway may profoundly to a plateau value of about Ϫ15 mV, very similar to what modulate membrane excitability during RhoAis observed in serum-or LPA-treated fibroblasts [3] . After regulated neurite remodeling. 5-10 min, the membrane potential slowly recovers toward its original value. The cells are then desensitized to LPA Addresses: *Division of Cellular Biochemistry, The Netherlands Cancer since a second application of LPA has no effect ( Figure   Institute and Centre for Biomedical Genetics, Amsterdam 1066 CX, 1a). We analyzed the underlying ionic currents by using
The Netherlands. † Pharmakologisches Institut, Abteilung Molekulare the "perforated patch"-clamp technique [3] . Figure 1 
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shows the depolarizing (inward) currents induced by three distinct RhoA-activating agonists, namely LPA, S1P, and 
Results and discussion
Stimulation of quiescent fibroblasts with LPA, thrombin, and neurite retraction [9] induce only a small transient outward current (due to the opening of Ca 2ϩ -activated or endothelin leads to rapid membrane depolarization by Cl Ϫ -mediated membrane depolarization, in common with RhoAmediated neurite retraction, is independent of phospholipase C (PLC) and Ca 2ϩ mobilization. (a) Dissection of PLC activity from depolarization and neurite retraction. Cells were stimulated with LPA, S1P, or bradykinin (BK, 1 M), as indicated. PLC activity was assayed by measuring the production of total inositol phosphates, as described [21] . A double plus sign denotes full contractile or electrophysiological responses; a hyphen denotes no response. (b) Typical Ca 2ϩ responses to various GPCR agonists and ionomycin (1 M), as recorded in a single N1E-115 cell by the use of fluorescence ratio recording. Note that S1P fails to evoke a Ca 2ϩ signal, yet it is a potent inducer of Cl Ϫ -mediated membrane depolarization and RhoAmediated neurite retraction. Conversely, bradykinin (BK) elicits a Ca 2ϩ signal without inducing depolarization and neurite retraction. Serum-(a) LPA (1 M) evokes a slowly developing, prolonged membrane starved N1E-115 or NG108-15 cells were loaded for 15 min with a depolarization in serum-starved (24 hr) N1E-115 cells, which is 1:10 mixture of Calcium-Green-AM (5 M) and Fura-Red-AM in associated with an increase in membrane conductance (decrease in culture medium. Experiments were performed at 37ЊC on a Zeiss membrane resistance) as measured by voltage responses to brief Axiovert microscope in bicarbonate-buffered saline. Excitation was hyperpolarizing current pulses. The initial transient hyperpolarization at 485 Ϯ 5 nm, and emissions were measured with two (time zero) is due to a Ca 2ϩ -activated K ϩ conductance. Peak photomultipliers equipped with a bandpass filter 500-560 nm (green depolarization ϭ Ϫ17 Ϯ 2.0 mV (means Ϯ SEM, n ϭ 17). A second signal) and a 590 nm long-pass filter (red signal). Data collection and addition of LPA is shown to have no effect. An identical response ratio analysis was carried out with FELIX software (Photon Technology was observed in NG108-15 cells. Intracellular microelectrode International). recordings were performed as described [2, 3] . Depolarization was accompanied by rapid RhoA-mediated growth cone collapse and neurite retraction. -activated K ϩ current followed by a small inward current (a mixed cation current, carried by both Na ϩ toxin (30 g/ml; 12 hr) left the Cl Ϫ current unaltered and K ϩ ; F. R. P., unpublished data).
(n ϭ 4), while neurite retraction was fully blocked [7] . Similarly, cytochalasin D (10 M), which blocks neurite retraction, did not prevent Cl Ϫ current activation (n ϭ 3). Conversely, abolishment of the transmembrane Cl Ϫ gradi-K ϩ channels; Figures 1e and 2 and results not shown). Conversely, S1P activates both the Cl Ϫ current and RhoAent did not affect RhoA activation (not shown). Thus, Cl Ϫ -mediated membrane depolarization is not secondary mediated neurite retraction without stimulating PLC or Ca 2ϩ mobilization (Figure 2 ). These results indicate that to RhoA activation and/or ensuing shape changes, nor does RhoA activation depend on Cl Ϫ efflux. Instead, it activation of the Cl Ϫ conductance correlates with G 12/13 -mediated RhoA activation and rule out a requirement for appears that both responses occur in parallel, as though they emanate from the same G protein(s). the G q -PLC pathway. against G␣ 12 subunits has no detectable effect on agonistinduced Cl Ϫ current activation (n ϭ 18, Figure 3a) , whereas f-actin assembly was blocked (not shown). To further substantiate the involvement of G␣ 13 in Cl Ϫ current activation, we used G␣ 13 -deficient fibroblasts [16] . These cells do not exhibit LPA-induced f-actin reorganization [14] and show impaired migratory responses to LPA and thrombin [16] . We find that G␣ 13 Ϫ/Ϫ cells fail to undergo membrane depolarization in response to LPA, whereas control fibroblasts show a normal response (Figure 3c,d ). S1P and thrombin were similarly incapable of evoking a Cl Ϫ current in G␣ 13 Ϫ/Ϫ cells (not shown). When G␣ 13 was reexpressed, the transfectants showed a prominent inward current in response to LPA, S1P, or TRP (Figure 3e ). In contrast, expression of an inactive mutant of G␣ 13 (G␣ 13 G225A) [14] fails to rescue the mutant phenotype (Figure 3f ). Collectively, these results indicate that the Cl Ϫ conductance is activated via G␣ 13 in both neuronal and nonneuronal cells.
In the simplest model compatible with the present findings, G␣ 13 mediates two parallel but independent events, (1) the activation of RhoA and subsequent cytoskeletal contraction and (2) the opening of Cl Ϫ channels and the resulting membrane depolarization (in cells with a depolarized Cl Ϫ equilibrium potential). Of note, we found that the latter response was rapidly lost after we switched from the "perforated-patch" mode to the "whole-cell" to LPA and subsequently became depolarized, spike genfails to restore the response to LPA (n ϭ 4).
eration was indeed suppressed for periods of up to about 20 min. (Figure 4 ). In vivo, such a period of electrical silence might be critical for neurons undergoing RhoAregulated neurite remodeling in response to injury-generActivated G␣ 12 and G␣ 13 subunits signal RhoA activation and subsequent cytoskeletal contraction in both neuronal ated factors such as LPA, S1P (released by platelets [17, 18]), and thrombin (produced from prothrombin). In addiand nonneuronal cells [9, [13] [14] [15] . Microinjection of polyconal antibodies against G␣ 13 into N1E-115 cells comtion, G␣ 13 -mediated signaling by LPA, S1P, and thrombin is likely to play a role in development and the "plasticity" pletely inhibits Cl Ϫ current activation by either LPA or TRP (n ϭ 16; Figure 3b ). Antibody inhibition is specific functions of the nervous system. This notion is supported by the finding that LPA can evoke membrane depolarizain that LPA induction of a small outward current (a Ca future studies is to determine the molecular identity of is activated by G␣ 13 subunits. chloride is availabe with the electronic version of this article at http:// current-biology.com/supmatin.htm.
